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Comparison of Several Different Sputtered Molybdenum Disulfide Coatings
for Use in Space Applications

Robert L. Fusaro* and Mark Siebert**

Abstract

Tribology experiments on different types of sputtered molybdenum disulfide (MoS2) coatings (obtained

from different vendors) using accelerated testing techniques were conducted. The purpose was to
determine which would be the best coating for use with auxiliary journal bearings for spacecraft energy

storage flywheels. Experiments were conducted in moist air (50% relative humidity) and in dry air (<100
PPM water vapor content) on a Pin-on-Disk Tribometer to determine how well the coatings would perform

in air. Experiments were also conducted on a Block-on-Ring Tribometer in dry nitrogen (<100 PPM water

vapor) to simulate how well the coatings would perform in vacuum. Friction, counterface wear, coating
wear, endurance life and surface morphology were investigated.

Introduction

NASA Glenn is currently developing magnetic bearings to be used for levitating energy storage flywheels
for the International Space Station and for satellites. To insure safety (if magnetic bearings should fail)

and to prevent damage from "bumps," mechanical auxiliary bearings must also be developed for this
application. Several different types of mechanical bearings are being considered as well as several

different lubrication systems. If solid lubricants are selected, the one with the longest endurance life with
reasonable friction and wear properties in a vacuum environment is the most desirable. However, many

of the MoS2 based lubricants being considered do not work well in ambient air. It is possible that exposure
or mishandling in air might reduce the life or performance solid lubricant used for an auxiliary bearing.
Thus it is desirable to choose a solid lubricant that works well under all environmental conditions.

Sputtered MoS2 coatings were chosen for this study because they have been shown in many previous
studies to be excellent lubricants in a vacuum environment [1-7]. The problem is that MoS2 oxidizes in air

[8-15] and can lead to damage to the coatings before they even get into space. Recently, new sputtered
MoS2 coatings have become available and have been tested [16-20] that are co-sputtered with various
materials that improve their performance in air.

In order to help determine which of these coatings might be the best for this application, an accelerated
testing program was developed to evaluate their tribological properties of these coatings under different

environmental conditions. This paper deals with tribological accelerated tests on several different
sputtered molybdenum disulfide (MoS2) coatings in a 50 percent relative humidity (-10,O00 PPM moisture
content) air atmosphere and in a very dry air atmosphere (<100 PPM moisture content) using a Pin-on-

Disk Tribometer. In addition, the same coatings were also evaluated in a dry nitrogen atmosphere (<100
PPM moisture content) using a Block-on-Ring Tribometer to simulate a vacuum condition.

Materials

Six different sputtered MoS2 coatings were evaluated that were supplied from 5 different vendors. Table 1

lists the vendors and the additives in the films. The coatings were applied to the disks of the Pin-on-Disk
Tribometer and to the rings of the Block-on-Ring Tribometer. A few Block-on-Rings tests were also

conducted with blocks that were coated with the CSEM-Ti or CSEM-AI coating. The disks, blocks and
rings used in this study were made of 440C stainless steel with a Rockwell hardness of C-57 to C-59. The

disks were lapped and polished to a surface finish of 0.040 _+0.015 _m centerline average (CLA). Instead
of using pins in the Pin-on-Disk Tribometer, the pin holder was modified to hold and constrain from rolling
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a 0.476cm radius(3/8 inchdiameter)commercialgrade10, 440Cball that hadthe samesurface
roughnessasthedisks.ThehardnessoftheballswasRockwellC-60.

Table1. Typesof MoS2 Coatings Evaluated in this Study.

Vendor's Name Designation Major Additive Coating Thickness(_tm)

Movic Movic None 0.6

Surftech Surftech None 0.3

Hohman Plating Hohman Antimony Trioxide 1.2

Teer Teer-Ti Titanium 1.2

CSEM CSEM-Ti Titanium 2.4

CSEM CSEM-AI Aluminum 3.5

Testing Apparatus

Pin-on-Disk Tribometer

The pin-on-disk Tribometer used in this study (Figure 1) has been described in detail in Reference 21.
The specimens consisted of a flat rotating disk (6.3-cm diameter) in sliding contact with a stationary ball

(0.476-cm radius) that was securely fastened in a holder. The ball slid on disk tracks that ranged from 6.0
cm to 4.4 cm in diameter. The rotational speed of the disk was controlled at 200 rpm giving linear sliding

speeds of 0.63 to 0.46 m/s. The test specimens were encased in a plastic box to control the atmospheric
moisture content. The load of 9.8 N (1 kg) was applied to the ball by a dead weight using a lever arm
system. A strain gage was used to monitor and measure the frictional force.

Wear volume of the ball was determined by measuring the change in diameter of a wear scar on the ball

and then calculating the volume of material removed. Wear volume of the disk was determined by

measuring the wear track cross-sectional area using a surface profilometer and then calculating the
volume of material removed. A discussion on how to evaluate solid lubricants in a pin-on-disk tester is

given in the next section and in the reference by Fusaro [21].
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Figure 1. Schematic of Pin-on-Disk Tribometer

Block-on-Ring Tribometer
A schematic of the block-on-ring test elements is shown in Figure 2. As shown in the figure, the device

consists of a rectangular block (0.6 cm wide x 2 cm long x 1 cm high) pressed against the periphery of a
ring (1 cm wide x 5 cm diameter). The block can be flat (line contact) or it can be conforming (area

contact). In this study only line contact was used.
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Theblockandtheringusedin thisstudyweremadefrom440Cstainlesssteel.Theblockwasstationary
andloadedwitha deadweightagainstthering.Theringwasattachedto arotatingshaftthatcanrotatein
onedirection.A probeattachedto theblockholdercontactsa loadtransducerandmeasuresfrictional
forcebetweentheblockandtherotatingring.A thermocoupleis imbeddednearthecontactareaof the
blockto measuretemperature.

Thecoatingwasappliedto thecontactareaaroundtheoutsidediameteroftheringandto the(0.6x 1.5
cm)faceoftheblock.Inallcases,thesurfaceroughnessoftheblockisveryimportantandcaninfluence
theresults.Tomostcloselyreproducetheend-useapplication,theroughnessshouldcloselymatchthat
value.Inthiscase,thesurfaceswereverysmooth(0.05to 0.10X 10-6m Ra).Theslidingconditionsfor
theblock-on-ringtestwereasfollows:slidingspeed,500rpm,load,225newtons,temperature,25°C.

Thermo-

couple
Access /-- Contact
Hole--_ Block

_-- Ring

Rotation

Figure 2. Schematic of Block-on-Ring Tribometer Specimens

Procedure

Surface Preparation and Cleaning Procedure

The cleaning procedure for the specimens before they were sent to the vendor was as follows:
1) Scrub surface under running water with a bottle-brush to remove abrasive particles.
2) Clean surfaces with pure ethyl alcohol using a lint-free cloth.

3) Scrub surface with a water paste of levigated alumina. Clean until water wets the surface readily.

4) Rinse the surface under running water to remove the levigated alumina (using the brush to facilitate
removal).

5) Rinse the surface in distilled water.

6) Dry surfaces using dry compressed air. (Surfaces not dried quickly have a tendency to oxidize.)

Pin-on-Disk Testinq Procedure
The procedure for conducting the pin-on-disk experiments was as follows: a pin (ball) and a disk (with

applied sputtered MoS2 coating) were inserted into the Tribometer test chamber (Figure 1). The test
chamber was sealed, and dry air (<100-ppm H20), or moist air (-10,000-ppm H20) was purged through

the chamber for 10 minutes before starting the test and then continuously throughout the test. When the
purge was completed, the disk was set into rotation at 200 rpm. A 1-kilogram (9.8 N load was then

applied to the disk as it rotated.

Some preliminary experiments were conducted to determine the friction characteristics of unlubricated
440C stainless steel sliding on itself. From those results, it was decided to make the criterion for failure for
these tests to be a friction coefficient of 0.30, much less than the friction coefficient of unlubricated 440C

stainless steel (>0.60). An automatic cutoff system was used to shut down the apparatus when the friction
coefficient reached 0.30.
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Twotypesoffrictionandweartestingprocedureswerefollowed:(1)the"continuoustestingmethod"and
(2) the"intervaltestingmethod."Inthecontinuoustestingmethod,thetestwasruncontinuouslyuntila
frictioncoefficientof 0.30occurred.ThespecimenswereremovedfromtheTribometerandthewear
scarsweremeasuredusinganopticalmicroscopeandthecoatingwearwasmeasuredusinga surface
profilometer.Thevisualmicroscopewasalsousedto evaluatethemorphologyoftheslidingsurfacesat
magnificationsto3000X.Thenumberof revolutionsto reachthisvalueoffrictioncoefficientwasdefined
astheendurancelifeof thecoating.Inthe"intervaltestingmethod,"thespecimenswereremovedfrom
thetestchamberatpredeterminedintervalsof slidingandthespecimencontactareaswereevaluatedas
in the continuoustestingmethod.Thespecimenswerethenplacedbackintothe chamberand the
previoustestprocedureisrepeated.Slidingcontinueduntila frictioncoefficientof0.30wasobtained.The
advantageoftheintervalmethodis thatwearasafunctionofslidingdistancecanbedeterminedandthat
thetypeofwearoccurringonthesurfacesbeforefailurecanbestudied.Incontinuoustesting,onlywear
attheendofatestcanbedeterminedandrun-inwearcannotbeseparatedfromsteady-statewear.One
caveatonthe"intervaltestingmethod"is thatcaremustbetakento replacethespecimenswiththesame
orientationandalignmentthattheyhadbeforetheywereremoved.Livesfrombothmethodswerenearly
identicalinair,althoughaslightfriction"run-in"occursatthestartof eachintervaltest.

Block-on-Rin.q Test Procedure

The specimens were inserted into the apparatus and the chamber sealed. The chamber was then purged
with the nitrogen before starting the test for 10 minutes and then continuously throughout the test. This

procedure was repeated each time a test was stopped until the test was completed. Both the continuous
testing method and the interval testing method (as described above) were used for these experiments but

they were not stopped as many times as for the pin-on-disk tests. This was done because of concern that
the surfaces may have experienced oxidation degradation during the time they were removed.

Results and Discussion

Pin-on-Disk Friction Coefficient

Friction coefficient for each pin-on-disk experiment was constantly monitored though out the tests. Table
2 and Figure 3 present the steady-state friction coefficients for all coatings tested in both moist air and dry
air. The lowest friction coefficient of 0.04 was obtained in dry air for 4 of the films, the Movic, the Surftech,

the Hohman and the Teer-Ti coatings. The CSEM-Ti coating produced a friction coefficient of 0.06 and

the CSEM-AI coating produced a friction coefficient of 0.08.
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Figure 3. Average Steady State Friction Coefficient for different sputtered MoS2 films (obtained
from various vendors) and tested in moist air and dry air on a pin-on-disk Tribometer.

The Surftech coating also produced a steady-state friction coefficient of 0.04 in moist air, but all the other
coatings produced much higher friction coefficients in moist air than dry air. In moist air, Movic produced

the highest friction coefficient of 0.15, the value for the Hohman and the CSEM-AI coatings was 0.12, the
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CSEM-Ticoatingwas 0.11and the Teer-Ticoatingwas0.09.Forvacuumapplications,the friction
coefficientsindryor moistair arenotreallyrelevantexceptfor thefact thathigherfrictioncoefficients
usuallymeanhigherwearand also shorterlives. It may also be usefulinformationfor designing
componentsthatmighthaveto operatebothinair andinvacuum.WithMoS2coatingsingeneral,friction
coefficientis muchmoreaffectedby watervaporthanoxygen,thusfrictionin dry air moreclosely
approximatesthefrictionthatwouldbeobtainedinvacuum.

Table 2. Pin-on-Disk Test Results

MoS2

Coating

Movic

Surftech

Hohman

Teer-Ti

CSEM-Ti

CSEM-AI

Steady-State
Friction

Coefficient

Moist Dry
Air Air

0.15 0.04
0.04 0.04

0.12 0.04

0.09 0.04
0.11 0.06

0.12 0.08

Endurance Life

(Kilocycles)

Counterface
Wear Rate

(maim x 10 "18)

Coating
Wear Rate

(maim x 10 -18)

Moist Dry Moist Dry Moist Dry
Air Air Air Air Air Air

7 + 3 120 + 17 700 + 300 4 + 2 ......

39+6 41 +7 15+12 3+1 ......

76 + 46 100 + 26 145 +135 24 + 6 ......

55 + 10 361 + 15 60 + 20 3 + 1 107 + 35 16 + 8
625+100 1440+440 30+10 3+1 44+6 11+5

400 + 52 1248 + 205 300 +120 3 + 2 113 + 55 22 + 8

Pin-on-Disk Endurance Lives

The average endurance life and variation for each coating in dry air and in moist air is given in Table 2,
and the average is shown in bar graph form in Figure 4.
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Figure 4. Average Endurance Life for different sputtered MoS2 films (obtained from various

vendors) and tested in moist air and dry air on a pin-on-disk Tribometer.

In general, most of the coatings had longer endurance lives in dry air than in moist air. The Surftech
coating produced equivalent lives in both atmospheres, but the lives in both were very short (~40 kc). The

Movic coating had the shortest life in moist air (7 kc) but a life of 120 kc in dry air. The Homan coating had
an average life of 76 kc in moist air and 100 kc in dry air, which was equivalent to the Movic coating in dry

air. The Teer-Ti coating had an average life of 55 kc in moist air but an average life of 361 kc in dry air.
The CSEM-Ti and CSEM-AL coatings gave longer lives in moist air that any of the other coatings in dry

air and were even longer in dry air. From an endurance point of view the CSEM-Ti and CSEM-AI coatings
were far superior to the others in either moist or dry air, but they were also the thickest.

Some discussion of the Teer-Ti and CSEM-Ti coatings is appropriate at this point. The process for

producing sputtered MoS2 coatings that contain titanium was invented by Teer Coatings Limited and they
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havethepatentrightsto thecoating.CSEMhasobtaineda licenseto alsomakethecoatingusingthe
Teerprocess;thereforethetwocoatingsarebasicallyverysimilar.Asfarascouldbeascertainedbythe
authors,the basicdifferencebetweenthe two coatingsis that the CSEM-Ticoatingcontainsmore
titaniumthantheTeer-Ticoating.Inaddition,theCSEM-Ticoatingistwiceasthick.

Pin-on-Disk Counterface Wear

The variation of wear to the counterfaces 440C balls) sliding against the various coatings is given in

Table 2 and the average in Figure 5. In general, much lower wear to the counterfaces occurred in dry air
than in moist air. The exception was the Surftech coating that produced low wear in both atmospheres,

but part of that was due to the fact that lives were very short and not much actual sliding occurred. Except

for the Hohman coating, the counterface wear of all coatings was equivalent in dry air. The overall best
combination of low counterface wear in both dry and moist air occurred with the CSEM-Ti coating.
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Figure 5. Average 440C steel counterface wear for different sputtered MoS2 films (obtained
from various vendors) and tested in moist air and dry air on a pin-on-disk Tribometer.

Pin-on-Disk Coatinq Wear
The Teer-Ti, CSEM-Ti and CSEM-AI coatings were strong enough to support the load and wore gradually

away until the substrate was reached. Coating wear rate was not measurable for the Movic, Surftech and

4000

3500

3000_.,....,
B

m _ 2500
=6o
•- _ 2000
0 X

_ 1500

1000
£
o 500

DryAir #1
---II-- DryAir #2

Moist Air #1
Moist Air #2

. _

Sliding Distance (kilocycles)

Figure 6. Coating Cross-Sectional-Area as a function of sliding distance for 440C steel sliding

against sputtered CSEM-AI MoS2 coatings in moist air and dry air on a pin-on-disk Tribometer.
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Hohmancoatings,sincethesecoatingswereeithertoosoftor toothinto supportthesliding440Cball
counterface.Thesecoatingswerewornawayveryquicklyto athinfilmthatprovidedthelubrication.See
Fusaro[21,22]fora discussiononthemechanismsof solidcoatinglubrication.Figure6 presentsCross
SectionalAreaof thecoatingwearasa functionof slidingdistancein kilocyclesfor 440Csteelsliding
againstsputteredCSEM-AIUoS2coatingsandtestedin moistairanddryair. Twotestsareshownfor
eachcondition.Thefigureshowsthatthewearrateis fairlyreproducibleandthatthewearrateis nearly
constantindryair.Inmoistair,between50and100kc,therateincreased,butthenwasnearlyconstant.

Thevariationof thecoatingwearratesis giveninTable2 andtheaveragesin Figure7 for thethree
coatingsthatwereableto supporttheload.AgainthedrYlairatmosphereprovidedthelowestwearrates.
TheCSEM-Tihadthelowestaveraqewearrateof7x 10 5m3/m,thenextlowestwastheTeer-Ticoating
(10x 1015m3/m)followedbytheCSEM-AIcoating(14x 10-15m3/m).It thusappearsthattheprimary
reasonforthe increasedendurancelifeoftheCSEM-TicoatingcomparedtotheTeer-Ticoatingwasdue
tothefactthattheCSEMcoatingwasmuchthickerandittooklongertowearthrough.
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Figure 7. Average coating wear rate of different sputtered MoS2 coatings (obtained
from various vendors) and tested in moist air and dry air on a pin-on-disk Tribometer.

Like friction coefficient, endurance life and counterface wear, the coating wear rate was greater in moist
air than in dry air. The lowest wear in moist air was the CSEM-Ti coating, which was 28 x 10 -15 m3/m, but

was about 4-times higher than what was obtained in dry air. The other two coatings gave 2 to 3 times
higher wear rates than the CSEM-Ti coating in moist air.

Pin-on-Disk Coating Morpholo.qy

In accelerated testing, statistical analysis of test data can provide numerical comparisons between
coatings. But in order to obtain a more complete understanding of which coating would be best for your
application, a simple technique like optical microscopy can be used to help in the evaluation. To do that,

surfaces must be evaluated before failure. Therefore another reason for interval testing is to observe the
rubbing surfaces with an optical microscope to magnifications as high as 3000X.

Figure 8 shows photomicrographs of the Movic coating wear tracks produced in dry air after 23 kc of

sliding and in moist air after 2 kc of sliding. Dark blisters can be observed on the dry air wear track and
dark powdery third body material (third body material is either wear material or decomposed wear

material that remains on the wear surfaces) can be found in the center of the moist air track. Similar
surfaces were found with the Surftech coating. These results are very similar to the results of previous

studies that were conducted by Fusaro [13] on burnished MoS2 films that showed that the MoS2 burnished
film oxidized to form MoO3 in air and that the water vapor in the atmosphere accelerated this process.

Figure 9 gives photomicrographs of the wear tracks on CSEM-Ti sputtered MoS2 coatings tested in dry air

after 660 kc of sliding and in moist air after 160 kc of sliding. Both surfaces are very smooth with no
indication of decomposition in either atmosphere unlike results from the Movic and Surftech tests. Fine
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powderydebriscanbeseenoutsideoftheweartrackareas.Inthemoistairtests,therewassomeback-
transferredthirdbodymaterialthatmayhavebeenthecauseofthehigherwearinmoistair.
Figure10showsa highmagnificationphotomicrographofthesputteredCSEM-TIMoS2 coating after 900
kc of sliding showing an area that has been worn through to the substrate. A very thin secondary film has
formed from third body material in this area that has prevented metal-to-metal contact.

Dry air, 23 kc 200#m Moist Air, 2 kc 200 ;_m

Figure 8. Photomicrographs of Movic wear tracks after 23 kc of sliding in dry air and 2 Kc of
sliding in moist air on a Pin-on-disk Tribometer.

,._!,).. Wear Track `

200 ltm

Dry Air after 660 kc

Third body material

200 _m

Moist Air after 160 kc

Figure 9. Photomicrographs of CSEM-Ti MoS2 wear tracks after 660 kc of sliding in dry air
and 160 kc of sliding in moist air on a Pin-on-Disk Tribometer.

Figure 11 shows photomicrographs after 650 kc of sliding in dry air and after 350 kc of sliding in
moist air of the sputtered CSEM-AI MoS2 coating wear tracks• In dry air, as shown in the figure,

the track is very smooth; however there are areas where brittle fracture has occurred. In moist
air, small surface pits can be seen on the track; and in addition, brittle fracture has also

occurred but is not seen in the area shown on this figure.

Pin-on-Disk Counterface Morpholoqv

Transfer films to the 440C ball counterfaces occurred for most of the sputtered MoS2 coatings

that were evaluated in this study. They were generally characterized by a buildup of material in
the inlet area, thin flowing transfer across the scar flat and then powdery debris in the exit area.

Figure 12 shows a photomicrographs of the transfer to a 440C stainless steel ball that slid

against a CSEM-AI sputtered MoS2 film. This type of transfer is typical of most of the tests in
dry air and moist air on all the films. There was one exception and that was sputtered CSEM-AI
in moist air. Figure 12 also shows a photomicrograph of the transfer to the 440C ball that slid
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againsttheCSEM-AIMoS2coatingin moistair after50kc of sliding.In thiscase,thereis a
smallbuildupofmaterialin theinletareabutaminimalamountoftransfertothescaritself.

Original coating worn
away and thin layer of
3 rd body material
has formed.

1 O0 pm

Figure 10. Photomicrograph of CSEM-Ti MoS2 wear tracks after 900 kc of sliding in dry air on a
Pin-on-Disk Tribometer showing a thin area where original coating has worn away.

Small surface pits in

_liding direction

50 p. m 200 !_ m
650 kc in Dry Air 350 kc in Moist Air

Figure 11. Photomicrographs of CSEM-AI MoS= wear tracks after 650 kc of sliding in dry air
and 350 kc of sliding in moist air on a Pin-on-Disk Tribometer.

_Heavy _srer to scar

100_m

935 kc of sliding in Dry Air

DiskSliding Direction

100_x m

50 kc of sliding in Moist Air

Figure 12. Photomicrographs of the wear scars on the 440C stainless steel ball

counterfaces against CSEM-AI sputtered MoS= coatings on a Pin-on-Disk Tribometer.
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Block on Rinq Friction Coefficient
The average steady-state friction coefficients for the tests conducted in dry nitrogen on the Block-on-Ring
Tribometer tests are given in Table 3 and also in Figure 13. In addition to non-coated blocks, a few tests

were also conducted with coated blocks. In general friction coefficients were lower in dry nitrogen on the
Block-on-Ring Tribometer than those obtained in dry or moist air with the Pin-on-Disk Tribometer. The

Movic and Hohman coatings gave the lowest friction coefficients of 0.01. The values found for the other
coatings were: CSEM-Ti, 0.02, Teer-Ti, 0.03, Surftech, 0.04 and CSEM-AI, 0.07. The coated blocks

sliding on the coated rings did not change the steady-state value of the friction coefficients obtained as
compared to the non-coated blocks.

Block-on Rinq Endurance lives

The variation of coating endurance lives for the tests conducted on the Block-on-Ring Tribometer are

given in Table 3 and the averages are given in Figure 14. The longest endurance life for the Block-on-
Ring Tribometer tests were obtained with the Hohman MoS2 coating, although there was considerable
variation. The longest average life was obtained for the CSEM-Ti coating tested against a CSEM-Ti
coated block. A coated block versus an uncoated block increased the average life of the CSEM-Ti coating

from 323 kc to 6132 kc. The Teer-Ti sputtered MoS2 coating gave an average life of 303 kc which was

very similar to that found for the CSEM-Ti coating against the uncoated block. The Movic coating sliding

against a non-coated block gave a life of 1165 kc, but the life sliding against a coated CSEM-Ti block
decreased to 360 kc. The CSEM-AI coating lubricated very poorly in nitrogen. The uncoated block gave a
life of 0.3 kc and when it was slid against the block coated with CSEM-AI, it failed immediately. The

Surftech coating also lubricated poorly in nitrogen and failed after 0.6 kc of sliding.

Table 3: Block-on-Ring Test Results

MoS2 Average Friction Endurance Life Block Wear Rate
Coating Coefficient (Kilocycles) (m3/m x 10 18)

Non-Coated Coated Non-Coated Coated Non-Coated Coated
Block Block Block Block Block Block

Movic 0.01 0.01 1166 + 45 360 + 70 2 + 0.5 190 + 160

Surftech 0.04 --- 0.6 + 0.4 .........
Hohman 0.01 --- 5556 + 3570 --- 1.2 + 1.0 ---

Teer-Ti 0.03 --- 303 + 110 --- 9.5 + 7.0 ---

CSEM-Ti 0.02 0.02 323 + 321 6132 + 950 24,000 + 23,955 0.7 + 0.3
CSEM-AI 0.07 Failed 0.3 + 0.1 Failed --- Failed
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Figure 13. Average friction coefficient for different sputtered MoS2 films (obtained from
various vendors) and tested in dry nitrogen on a block-on-ring Tribometer.
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Figure 14. Average endurance life for different sputtered MoS2 films (obtained from various
vendors and tested in dry nitrogen) on a block-on-ring Tribometer.

Block-on Rin,q Block Wear Rate

The variation of block wear rates for the Block-on-Ring tests are given in Table 3 and the averages in
Figure 15. The lowest wear rate was obtained with the CSEM-TI Block sliding against the CSEM-Ti
coating (0.7+ 0.3 X 10 -18 m3/m). The second lowest was with the non-coated block sliding against the

Hohman coating (1.2+1.0 X 10 -18 m3/m) and the next lowest was obtained with the non-coated
blocksliding against the Movic coating (2.0+1.0 X 10 -18 m3/m). The coated CSEM-Ti block sliding against

the Movic coated ring increased the block wear rate almost 2 orders of magnitude compared to the non-

coated block. The non-coated block sliding against the CSEM-Ti coating also had a very high wear rate.

Block-on Ring Surface Morpholo,qy
The Movic coatings produced very thin, continuous transfer films on the blocks and very thin, flowing

layers of material on the rings. Figure 16 gives photomicrographs of the transfer films on the non-coated

block and the film remaining on the ring after 1200 kc of sliding. The wear process on the ring appears to
be by very thin layer delamination. Figure 17 gives photomicrographs of the Hohman test specimens after

3700 kc of sliding. The block shows very thin, continuous transfer and the material on the ring appears to
be thicker than that found with the Movic coating (Figure 16) but it also seems to be wearing by
delam ination.
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Figure 15. Block wear rate for 440C stainless steel blocks sliding on different sputtered MoS2
films (obtained from various vendors) and tested in dry nitrogen on a block-on-ring Tribometer.
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Figure 16. Photomicrographs of the wear surfaces on a 440C block and a Movic coated ring

after 1200 kc of sliding in a dry nitrogen atmosphere on a Block-on-Ring Tribometer.
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Figure 17. Photomicrographs of the wear surfaces of a 440C uncoated block and a Hohman
coated ring after 3700 kc in a dry nitrogen on a Block-on-Ring Tribometer.
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Figure 18. Photomicrographs of the wear
surfaces on a 440C CSEM-Ti coated block and a

CSEM-Ti coated ring after 3150 kc of sliding in a

dry nitrogen atmosphere on a Block-on-Ring
Tribometer.
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Figure 19. Photomicrograph of the wear
surface on a CSEM-Ti coated ring after 0.2

kc of sliding in a dry nitrogen atmosphere
against and uncoated block.
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Concluding Remarks

The results of this study showed that the CSEM-Ti and the CSEM-AI coatings gave much longer
endurance lives in air than the other coatings that were evaluated. As stated earlier, Teer Coatings Ltd

has the patent rights to the MoS2-Ti coating and the technology has been licensed to CSEM. The most
probable reason why the Teer-Ti coating gave shorter endurance lives as compared to the CSEM-Ti

coating was that the Teer coating was formulated with less titanium for vacuum use, thus it would not be
expected to work as well in air. Even so, the coating wear rate was nearly equal between the two coatings

in dry air; so if the same thickness of the Teer-Ti coating had been applied, the life probably would have
been equivalent. But in moist air, the CSEM-Ti coating wear rate was much less than the Teer-Ti coating,

which indicates that in humid air, more titanium is necessary. In dry nitrogen, on the Block-on-Ring
Tribometer, the endurance lives for the two films were nearly equivalent, but the wear to the blocks that

slid on the Teer-Ti coating was much less than found with the CSEM-Ti coating. The results indicate that
there should be a more detailed study to determine how much Ti should be added to prevent degradation

and reasonable life in ambient air while giving optimal life and performance in vacuum.

Increased thickness of the coatings which contained additives (and were also able to support the load of
the sliding 440C ball counterface) tended to give increased life. It is not believed that increased thickness

of the non-additive Movic or Surftech coatings in air would have improved the life considerably because
they failed primarily due to degradation of the coatings.

Tests were conducted in nitrogen using the Block-on-Ring Tribometer because this geometry simulates a

journal bearing more closely that does a Pin-on-Disk configuration; a journal bearing contact is closer to
line contact than point contact. There were several drawbacks with using this Tribometer, however.

Misalignment of the block with the ring and wobble or out of roundness of the ring are a couple; thus with
this Tribometer, it is very hard to perfectly align the surfaces. Misalignment can cause high contact stress
that can prematurely cause failure of a solid lubricant coating. It is felt that the CSEM-Ti coated on both

surfaces, helped mitigate this misalignment. Also thicker coatings could be helpful in mitigating

misalignment providing that the coating would not experience brittle fracture during the "run-in." The
CSEM-AI coating was very brittle thus there was no advantage of sliding it against itself. Sliding a block

coated with CSEM-Ti against the Movic coating was not advantages since the CSEM-Ti coating is
somewhat rough and very hard, thus it promoted more rapid wear of the Movic coating.

Considering all the results, the Hohman coating, which was developed by the Air Force [18] and licensed

to Hohman Plating, functioned overall as the best coating for our application under the conditions of all
the experiments. The lowest friction coefficients and longest endurance lives were obtained with this

coating. The CSEM-Ti gave exceptional results in air and also exceptional results when both the ring and
the block were coated. It may be that the Teer-Ti coating or the other coatings might have worked as well
in nitrogen if both blocks and rings were coated with the same material, but in this study those conditions
were not evaluated.

The next planned stage for this program is to take the best coatings determined by this investigation and

test them in vacuum in a journal bearing at 50,000 rpm under the conditions that they may encounter in a
flywheel system touchdown event to determine which will perform the best in the actual end use
application. The poor endurance life results obtained in dry nitrogen with the Surftech and CSEM-AI

coatings do not make them candidates for the next phase of testing. The short endurance life of the Movic
coating in moist air and degradation of the coating on the disk surface in dry air also discourages their

use for this application.
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